Abstract -Measuring the curvature of the lumbar spine is an important challenge in disciplines related to physical therapy, rehabilitation, and sports medicine seeking to solve the incidence of the low back pain and other spinal disorders in the population. In clinical practice, most of the methods used are manual or depend on the trained eye of the specialist who is measuring. We have developed Lumbatex: an integrated system based on inertial sensors integrated into a wearable textile device. This device is connected via Bluetooth to software, which interprets data from the sensors and provides real-time biofeedback to users in a graphical way and also a quantitative measure of the curvature and spinal motion. The system is tested in two ways: first, checking the accuracy detecting changes in curvatures; second, evaluating the usability and comfort from the user standpoint. The accuracy is checked through a static method getting curvature values from the device placed on curved platforms and a dynamic validation with volunteers performing different exercises. The results obtained showed a high accuracy measuring changes in curvature with an error lower than 1°in the static test and good usability and comfort according to the opinion of the volunteers.
second greatest cause of disability and they represent one of the greatest health problems in the world population [3] . The direct and indirect costs of treating spinal disorders are estimated at more than $100 billion per year globally [4] .
In this sense, in a recent systematic review about prevalence of low back pain (LBP), authors explained that LBP is a very common and costly musculoskeletal disorder worldwide. In fact, the number of individuals with lower back pain will tend to increase over the next decades due to the sedentary lifestyle of modern societies [5] . Thus, non-specific LBP is a major public health problem worldwide with a lifetime prevalence of 84% [6] and it is associated with decreased work ability and, consequently, increased risk of long-term sickness absence among working age adults [7] .
LBP can be treated by active (exercise, education, prevention, and multimodal therapies) or passive therapies (physical modalities, manual therapies, reflex therapies, assistive devices, and drugs) [8] , [9] . Although it is possible to find many studies using different therapies to treat this spinal disorder, both spinal therapeutic exercises [10] and a constant postural control [11] are the strategies widely accepted as good methods to reduce the LBP incidence. Physical therapies through exercises play a major role in the processes of prevention, pain reduction, and rehabilitation of LBP [12] [13] [14] [15] . Research indicates that rehabilitation and prevention exercise programs, most commonly used as treatments for patients with chronic LBP, are based on trunk strengthening exercises and trunk stabilization exercises [10] , [15] .
Stabilizing the lumbar spine through the control of the neutral zone of lumbar motion (i.e., preserving normal low back curve similar to that of upright standing) and avoiding full lumbar flexion positions seems to be a relevant factor in intervention programs through exercises for the low back. This would provide protection from ligament injury and posterior disc herniation [16] [17] [18] [19] . Therefore, suitable exercises are those in which the lumbo-pelvic region remains aligned within this neutral zone whereas the subjects perform movements using their extremities [17] [18] [19] . In this sense, the current trend is to train through functional exercises simulating movements that have a close relation with professional and recreational physical demands. That is to say, performing functional multiplanar movements while maintaining the lumbar spine stable and aligned. Hence, it has been found that training based on global and multiplanar controlled movements has positive effects for the prevention and treatment of LBP -if the neutral zone of the lumbar spine is specifically monitored [16] [17] [18] [19] [20] [21] .
Monitoring, quantification and measurement on lumbar spine position and motion is commonly used within the clinical setting. It is used to assess a lumbar lesion or pathology, to diagnose LBP and less frequently to treat it [22] . Nevertheless, most of the clinical techniques commonly used, such as skin distension, fingertip-to-floor and inclinometers are unable to provide sufficient information about spinal movement patterns since they comprise measurements in only one or two dimensions. However, it is noticeable that the lumbar motion presents a complexity of movements in the three planes of motion (sagittal, coronal and transverse planes) [23] , [24] . In contrast, some laboratory methods, such as stereoradiography, electromagnetic or opto-electronic threedimensional video-based systems can provide this extra information. Nonetheless, the reporting data of these methods often have been only limited to the assessment of the range of motion (ROM). Additionally, they are too complex, time consuming and expensive methods [23] [24] [25] . These drawbacks restrict these methods to a laboratory environment with experienced staff and consequently, make them unsuitable for a routine clinical and rehabilitative or preventive use [23] [24] [25] .
However, in a clinical, rehabilitative or preventive exercise settings, when performing global and multiplanar spinal movements, the monitoring of lumbar spine position should be essential. Therefore, its measurement and monitoring should be mandatory, although it is difficult and challenging [20] , [21] . In fact, defects unnoticed in the rachis position can generate unnecessary tensions in the spine with antagonistic results to those that motivate the purpose of a specific exercise. For this reason, experts agree on the importance of the external monitoring and feedback in the correct technical execution of these exercises and spinal movements [20] , [21] , [26] [27] [28] . It is also possible to use different subjective methods, such as visual correction, verbal instructions and manual assistance during the development of certain exercises or physical activities in order to monitor changes in the lumbar spine. However, their main limiting agent is that the only benchmark would be the observation of the specialist. Often a technical evidence to accurately confirm postural information in an objective way would be needed. With the recent development in Micro-Electro-Mechanical Systems (MEMS) sensor technology, wearable inertial sensors have been proposed to overcome the main limitations of these subjective methods, as well as laboratory methods. Inertial sensors are simple to use and commercially available, their price is substantially lower, and they enable field-based accurate measurement. All that allows them to be used in different areas, such as clinical, rehabilitative or preventive and training sports settings [25] , [29] [30] [31] [32] .
B. Spine Movement Monitoring Systems
It is possible to find spine movement monitoring systems in previous research that help specialists both providing feedback of the back posture or determining the shape and morphology of the spine [33] , [34] [35] [36] [37] [38] [39] . These are optoelectronic-based systems, motion capture systems or computer-assisted electromechanical devices. They comprise the use of accelerometers, electronic goniometers, and strain-gauge based technology. The main problem with most of these devices is the low flexibility and the limitation of having the patients in a controlled environment. This reduces, many times, their mobility and evaluates movements in non-real situations or uncommon movements. The consequence of performing back movements with these monitoring limitations is that it is difficult to be sure how these rehabilitation exercises will work in patients' dailylife. Meanwhile, how suitable they will be for some postural tasks in training exercises for athletes.
On the other hand, in recent years, devices based on pressure and strength have been also introduced but they have also significant limitations on its use. These instruments are valid for detecting changes of spinal curvature through changes in the pressure unit produced by lumbar movement. They are commonly used in laboratory or rehabilitation and physical therapy settings to control that no shifts on lumbar lordosis occurring while it is performing certain lumbar stabilization maneuvers (like abdominal drawing-in maneuver). However, these devices cannot measure the degree of lumbar curvature and its changes directly. Only from this variation on pressure, they can indirectly estimate changes on lumbar curvature. Consequently, the direct monitoring of lumbar spine kinematics using these pressure-based systems would have a high margin of error, thereby limiting their accuracy when working with these instruments in these settings. Additionally, all these devices have as major drawback that they do not estimate changes in lateral bending and rotation. It is increasingly valued when control exercises and/or therapies require knowledge of aspects related to these planes of movement.
Some examples of patents protecting such systems are presented. Patent US5338276 entitled Exercise monitoring device was developed to monitor changes in the lumbar area from a change of pressure. Moreover, this device needs support points which leads to an important additional limitation when it is applied in certain exercises or therapies because several important rehabilitation exercises and maneuver are performed in standing, prone or sitting position without support points. The patent NL1023363 entitled Incorrect posture device detection comprises pressure sensor mounted on a stiff part attached to a belt and connected to a warning device. It assesses changes in the rachis from a pressure mechanism located in the middle of the lumbar spine.
Other devices such as those included in the patent US5402107 entitled Apparatus for sensing body attitude and US5398697 entitled Apparatus for monitoring spinal motion, present an improbable instrumentation. Specifically, the patent US5398697 uses as a monitor element a light beam which makes impossible to quantify how many changes occur in the spine position. In consequence, the characteristics of this device make it very difficult to use in supine positions.
The AU2005247045 patent entitled Apparatus and method for monitoring strain and / or load applied to a mammal assesses changes in the spinal column from two accelerometer sensors and two surface electromyography sensors. From neuromuscular activation and changes in space accelerometers, it estimates the curvature and changes in the lumbar spine. The drawback of this device is that using only two sensors, placed in L1 and S2, it calculates the lumbar curvature, but it has an important limitation to provide direct information on the degree of involvement of each of the vertebral segments in the formation of such lumbar lordosis. Furthermore, it is possible that the information about changes in tilt and rotation calculated from sensors located in the central area of the trunk could limit the accuracy of this device, especially detecting asymmetries. These aspects are determining factors when the therapies are monitored.
Finally, other important issue that is not considered in all the systems previously analyzed is the usability of the device and its user's comfort degree out of a controlled environment. It is important that a person could carry the device easily joining usability and accuracy when data are collected.
Therefore, there is a need to develop new devices that overcome the aforementioned limitations and provide accurate information about postural feedback and segmental motion of the lumbar spine. In this sense, to measure and quantify the spinal movement using inertial sensors in a wearable device could make it intuitive and user-friendly for the final user of this system. In fact, wearable inertial sensors have already been used to measure the range of motion of spine in previous studies because their data can be easily transformed into useful parameters that enable a real-time spinal motion measurement system [40] , [41] .
Therefore, the main objective of this research is to develop a wearable system based on smart textiles that allows to quantify the segmental position of lumbar curvature. This device would also allow to monitor and measure the movements and changes in the lordosis of lumbar spine in a sagittal plane. Together with this device, we will develop a software that, via Bluetooth, obtains the data from the sensors and it interprets the data showing the results in a graphical way. Finally, using a visual analogue scale, we will analyze the user's comfort degree of this device. Thus, the main aims of this study are to carry out the mechanical and dynamic validation of the system and the usability and comfort assessment of the belt.
II. MATERIALS AND METHODS

A. System Development
The proposed system consists of two main parts: The proposed system consists of two main parts: a set of sensors attached to a textile belt with Velcro-fastening, for the detection of the position and movements in the lumbar spine, and the software and Bluetooth receptor of the data. There are seven sensors in the system connected with a control circuit, as can be seen in the Fig. 1 . The system uses five sensors in the central area detecting the degree of lordosis lumbar and flexion-extension movements of lumbar spine, which match to the lumbar vertebrae L1-L5. These sensors are directly attached to the skin of the person in each anatomical reference from each lumbar spinous process using a dermatological adhesive tape (3M TM Double Coated Medical Tape). Furthermore, there is another sensor in each side of the spine in order to detect rotation and lateral bending movements of the lower back. Sensors uses a combined 3-axis accelerometers and gyroscopes in the same device. This way not only we avoid problems related to pressure sensors but also, we improve the accuracy of movements' detection. Apart from the sensors, there are also the necessary electronics to get the data from the sensors and to analyze them. Finally, we store all the electronics in a slim box located outside the belt. The box is 10 cm length, 6 cm width and 2 cm depth. The weight of the system (included the textile) is 150 gr (Fig. 1) .
The architecture of the system can be divided in four main blocks, which are associated with the specifics needs of energy (power block), information acquisition (sensor block), processing (core of the system) and the external interaction (communications block). We can check the different integrated blocks in the electronics of the system in Fig. 2 . Additionally, there is an essential element of the system: the software which allows the correct configuration of the sensors as well as the correct visualization of the detected curves segmentally. Finally, a small box with brackets contains the power, communications and processing blocks. This way, the blocks are joined to the belt and connected to the sensors (Fig. 3) . In addition, this box incorporates a switch to turn on and off the system, a USB connector for charging and connecting the box and two LEDs indicating if the device is on or off and charging or not the battery.
1) Power Block: We can supply energy to the system using non-rechargeable batteries or through a little rechargeable battery. The option of using a rechargeable battery implies to add the necessary electronics for its management together with the connectors for the charge. Although there are extra components, we think that the best option is the rechargeable battery. Thus, we used Li-Po rechargeable batteries and a mini USB type B plug to recharge them. USB socket is just used for battery charging. All the communication with the device is wireless, through Bluetooth technology. The autonomy depends on the use of the system; usually between four and six hours. 2) Sensor Block: We incorporate 3-axis accelerometers and gyroscopes to register the position, movements and changes of the lumbar spine in the sensor block. The selected sensor has been the MPU6000 from Invensense© that includes accelerometer and gyroscope. In the electronics board designed, there are 21 digital I/O and 8 analogic inputs. We use the digital I/O to connect several peripherals, such as timers, UART, ADC, etc. Fig. 1 shows the location of the sensors in the device. Five of the sensors are in a straight line to be placed on top of each lumbar spinous process; a sixth sensor is placed in the upper right part of the belt; finally, the seventh sensor is placed in the lower left part of the belt. Sensors are connected to the central PCB through brackets and wires knitted in the belt (in Fig. 1 , sensors can be observed, and wires are hidden to avoid problems when the belt is worn). Wires are used both for data and power. Fig. 3 shows the brackets and the size of the box with brackets.
3) Core System: In the core system we include the microcontroller CC2540256K of Texas Instruments, which is based on 8051 architecture. Apart from the microcontroller, we use a 32 Mbits chip of low consumption flash memory with SPI interface. The real-time clock (RTC) used in the device is also in this block. The RTC has also a SPI interface and a backup battery to support time and date. 4) Communications Block: Finally, in the communications block we find the necessary hardware for the Bluetooth communication. There are several options for the antenna (on-chip, external, on-PCB) and we choose a PCB antenna that accomplishes BLE (Bluetooth Low Energy) specifications with 8-10 meters range and omnidirectional. 5) Software: Other fundamental part of the system is the software, designed as a server to which the control hardware can connect through BLE. The software runs on a Windows© operating system and it allows a total control over the sensors (connecting, disconnecting, accessing to data), stores the data (making a log) and draws the movements in different axis. We also develop a software for mobile devices that runs on ANDROID operating system (higher than 4.0) and with BLE. Fig.4 shows some screenshots of the desktop software and the application for mobile devices. This software presents the data both numerically and visually to facilitate its interpretation. Moreover, it generates absolute and relative data allowing a better information of the evaluated reality. On the other hand, the software also reports the contribution degree of each one of the sensors in the generated curve. Thus, we can assess the degree of participation of each of the segments of the lumbar spine in the resulting curve. This aspect is essential for rehabilitation and physical therapy specialists. The design incorporates the graphic representation and the defined data for the values of absolute curvature for the XY, XZ and YZ planes, the values of relative curvature for the XZ plane, the percentage values of contribution of each segment L to the final value (sagittal plane) and the difference between the lateral sensors for measuring lateral bending and rotation.
6) Coordinate System: In order to obtain the angles from the coordinates given by each accelerometer, we use the tangent arc function and the acceleration measures of the sensors, which are sent to the server with 1Hz frequency. The axis is taken according with the specifications of the MPU6000 sensor shown in Fig. 5 .
The accelerometers of the sensors are configured in such a way that the sensor is located on the Z axis, which is perpendicular to the lumbar area and the Y axis, which is aligned with the spine. Each accelerometer has its own individual coordinate system although they match in the distribution of the axes. The measuring unit is internal to the accelerometer and is expressed in steps, which indicate the acceleration in each of the axes. Specifically, the accelerometers are configured for 2G (being 1G equivalent to 16384 steps).
The method used in this study for inclination detection with three axes is based on the determination of the individual angle for each axis of the accelerometer from an absolute reference position. The reference position is taken as the typical orientation of a device with the axes X and Y in the plane of the horizon (0 G of gravitational field) and the Z axis orthogonal to the horizon (1 G of gravitational field). In the initial position of 0 G on the X and Y axes and 1 G on the Z axis, all calculated angles would be 0 degrees. Using trigonometry, an angle ϕ from the three acceleration values can be calculated as:
where a is the acceleration value in m/s 2 obtained after converting the value of digital steps in which each accelerometer is calibrated to an analogue acceleration amplitude value.
B. Testing Methodology 1) Mechanical Validation of Lumbatex:
Firstly, we decided to evaluate the reliability of the device by using artificial pieces simulating different degrees of spinal curvature. For that purpose, we designed six platforms with curves of 10, 15, 16, 17, 20 and 25 degrees. Then, we compared the measures taken with the system and the real curvatures. That way we studied the precision in platforms with 1 degree of difference (15, 16, 17) and we considered a minimum of 10 degrees (we could not identify a lumbar problem with a lower angle) and a maximum of 25 degrees (the patient should follow a different treatment, not just physical therapy, with an upper angle). Subsequently, the device was individually tested for each curvature placing the five adhesive tapes along the piece with a separation of 3 cm (corresponding to a regular distance between each lumbar spinous process) and making the two extremes match with each end of the piece (Fig. 6) . Then, each one of the five central sensors were fixed in the piece placing the belt vertically on a support that allowed it to remain immobile during the measurements. Finally, the data were stored for 30 seconds with a frequency of 1Hz and they were exported to a spreadsheet for the conversion of the accelerometry data into angular values and, from these, to determine the corresponding curve. We repeated this experimental procedure 12 times for each piece.
With the data in angular values, we calculated the descriptive statistics (mean, standard deviation, standard error, range and variance) for each variable. All the variables presented a normal distribution (Shapiro-Wilk test) and the variances were homogeneous (Levene's test). To identify the absolute variability, we calculated the mean standard error (MSE) and the coefficient of variation (CoV) intra-device for each sensor and for the 12 measures analyzed in each condition. The confidence limit was calculated using the following formula: above 95% Limit =x + (SE × 1.96) and below 95% Limit = x − (SE × 1.96). Relative reliability was estimated using the Intraclass Correlation Coefficient (ICC). The confidence limit was calculated at 95%. An ICC of 0.9 was considered as very high, between 0.7 and 0.89 high, from 0.5 to 0.69 moderate and below 0.5 low. Statistical analysis was performed using the statistical package SPSS v.22 (SPSS Inc., Chicago, IL, USA).
Finally, the different curves were firstly traced on paper and after scanned in order to make the visual comparison of the similarity degree between the real curves and the generated curves from the device. After that, 6 circumferences and their corresponding radii were drawn. Then, they were sized to obtain a ratio of height and width from 1 to 1. In order to perform the visual comparison with the results of overall accelerometers, the curves resulting from the measurements of the device were exported to the specific technical design software. At last, we could perform the visual comparison thanks to the circumferences represented from the calculated radius and the experimentally obtained curves represented with the same proportion and aspect ratio.
2) Dynamic Validation of Lumbatex: A convenience sample of 15 healthy volunteers (10 men and 5 women), recruited from a population of students at the University of Alicante, participated in this experimental protocol for the dynamic validation of the device (mean ± SD: age, 22.27 ± 3.305 years; body mass, 66.52 ± 10.44 kg; height, 171.9 ± 10.21 cm). Inclusion criteria included no history of pain in the low back and to know how to perform all the experimental conditions of the tests correctly. All participants provided written informed consent to participate in this study, which was approved by the University.
Three lumbar stabilization tests were planned for the dynamic reliability of the belt: corset test in prone position; corset test in modified prone position with anterior pelvic tilt; corset test in modified prone position with posterior pelvic tilt. To correctly perform the tests, participants had to correctly control the drawing-in maneuver, which causes the contraction of Transversus Abdominis muscle without moving the lumbo-pelvic complex (42) . Then, each participant, with the Lumbatex belt fastened, had to lie down on a stretcher in prone position. Using the Stabilizer® Pressure Biofeedback Unit (PBU) at an initial pressure of 70 mmHg for each test, each participant was asked to carry out the different tests during a 30-second period of data collection. The PBU pressure was reduced or enhanced in 10-20 mmHg depending on each test as indicative to a correct performance of this exercise. The pelvic tilt and the drawing-in maneuver modified the pressure in the PBU, and the belt registered the lumbar curvature at all times of the test.
We applied the Pearson correlation coefficient (r ) for each study condition in order to calculate the relationship between the data of the PBU and the data provided by the belt. For all the tests, we selected the central data of the measurement derived from the belt while we collected the PBU mmHg values every second of the measurement. The analysis of mean variance between the three study conditions was carried out applying an ANOVA test and the post hoc DMS test. The level of significance was established in p < 0.05 for the analysis of variance and p < 0.01 for the correlation test. Statistical analysis was performed using the statistical package SPSS v.22 (SPSS Inc., Chicago, IL, USA).
3) Usability and Comfort Assessment of Lumbatex: The same sample of volunteers described in the previous point participated in the usability and comfort assessment of the device filling in an adapted comfort questionnaire. Thus, the analysis of the perception of comfort was performed using the 150mm analogue visual scale (43) . This scale consists of a horizontal line of 15 cm long. The limit on the left represents the "not comfortable" perception and the limit on the right the "most imaginable comfortability". The participants were asked to perform several postures and exercises with or without movement in the lumbo-pelvic region. Afterwards, they filled in the beforementioned comfort questionnaire marking the scale based on their subjective perception of usability and comfort of the device. The items evaluated were: waist and spine fastening, tissue compression, static and dynamic usability and comfort, temperature, humidity, design and general perception of comfort of the belt. The obtained descriptive data and their percentage values were analyzed for each of the items evaluated.
III. RESULTS
A. Results for the Mechanical Validation of Lumbatex
First, it has been tested the mechanic and technic reliability of the device. The next section shows the results for one of the study conditions: the 25 • curve. Similar results were obtained for the other curves. The graphic combination of the angles generated by each one of the sensors allows to generate a coherent form with the 25 • condition, extracting the average data of all the measurements. 
2) Comparison of the Similarity Degree Between the Real
Curves and the Generated Curves From Lumbatex: Fig. 7 shows an overlap of the mathematically generated standard curves and those curves generated by the device from all measured conditions. Each black color curve has been generated by the device and the black color curve is the standard curve. As it can be seen, if the mathematically generated standard curve is placed on the same surface and the curve generated by the device is superimposed on it. A high degree of similarity can be observed between them.
In the Table III , it is shown the mean of the degree values obtained measuring the curves provided by the device for each curvature. The curvature degree has been got from the curvature radius, obtained through geometry functions from three points in the curvature, the sensor one, five and the center, sensor three. Although the curvatures are not exact the important question to remark is that the evolution showed in the curvatures measured is useful enough to detect the changes on different generated curvatures. This would be the main purpose of the Lumbatex system.
B. Results for the Dynamic Validation of Lumbatex
Secondly, it has been tested the dynamic reliability of the device. Next sections show the results regarding the relationship between the data of the PBU and the data from the belt and also the results regarding the estimated variance for each experimental condition. Finally, a visual graphic representation generated from the measured data by the device in the three experimental conditions are shown in the last subsection.
1) Results
Corresponding to the Relationship Between the PBU and Lumbatex Data: Table IV shows the results of the correlations between the data provided by the PBU and the data generated by the device for each of the three experimental tests.
For the Lumbatex, the values have been estimated from the average values of each of the tests and for each sensor. Then, the percentage of change for each test and sensor in the other two tests has been estimated from the corset test in prone position as a reference. Finally, the percentages of each test have been added. For the PBU data, from the initial value of 70 mmHg, the percentage of change in the modified tests has been calculated regarding to the initial value of the first test (see Fig. 8 ).
2) Results Corresponding to the Estimated Variance for Each
Experimental Condition: Table V shows the corresponding results to the descriptive statistics for each of the sensors and each of the experimental condition assessed. among the three conditions evaluated. The most marked differences come from the anterior pelvic tilt condition regarding to the neutral and the posterior tilt conditions. The sensors with greater changes are mainly the sensors 1 and 2.
C. Usability and Comfort Assessment of Lumbatex
The Table VII and Fig. 12 show the obtained values from participants in the usability and comfort assessment of Lumbatex. Fig. 9 shows the values (%) from the subjective perception of the participants about the different categories analyzed for assessing the comfort and usability perception. The feeling of comfort presented its best values in the categories of humidity, temperature and static comfort. Otherwise, the lowest value was obtained in the sensation produced by the waist and the spine fastening and also by the design of device. Tissue, movement and compression items were assessed with a mean score. Finally, the overall assessment of the usability and comfort of the device presented high values.
IV. DISCUSSION AND CONCLUSIONS
The aim of this research was to develop a device based on the integration of wearable MEMS inertial sensor technology in smart textiles, that allows to quantify and measure each segmental vertebral position of lumbar spine. Additionally, it also can monitor the lumbar curvature, providing real-time feedback of all the movements and changes produced in the lordosis of lumbar spine in a sagittal plane. Complementarily, it was proposed to develop a software for obtaining the data from the sensors and interpreting them. Finally, this study aimed to carry out the mechanical and dynamic validation of the system and the usability and comfort assessment of the belt.
The results of testing procedures showed that the Lumbatex system could be used to objectively measure, quantify, reproduce and provide mechanical feedback of the segmental position of lumbar spine. Also, this wearable system could accurately measure the changes on the lumbar lordosis and the movements produced in a sagittal plane. Finally, this device could provide direct and real-time biofeedback for the users of the device. In addition, the good values of the usability and comfort assessment demonstrates that this belt could be easily and snugly used, providing an adequate user's comfort degree. All these features allow that this wearable system could be useful for real-life monitoring of spinal lumbar curvature, out of controlled laboratory environments.
Due to this system presented good results of reliability, validity and comfort, it could potentially be used in medical rehabilitation, sports training and physical therapy, or in dailylife activities. The purpose of Lumbatex is to provide to general users with a proper and accurate information about the lumbar spine position and their changes and movements, thereby helping them to avoid incorrect postures or an unsuitable exercise performance.
According to recent research [46] , [47] the use of motion capture systems for the quantitative assessment of human movement, using or not wearable sensor-based technology, has been rapidly growing in last years. These systems comprise a series of optoelectronic-based systems, motion capture systems, computer-assisted electromechanical devices, etc. Often, they use accelerometers, electronic goniometers, radiographic assessment or strain-gauge based technology for measure or calculate joint angles, ROM or the back shape. However, some limitations still exist in these systems for the assessment of kinematics and kinetics of lumbar spine. This is due to most of the existent devices cannot measure real-time spine kinematics and monitor changes at segmental level [33] , [37] [38] [39] [40] [41] ; or do not provide to the user with real-time biofeedback [33] , [34] ; or they are not wearable devices [34] , [35] , limiting the data collection to laboratory environments [34] , [35] , [39] . However, Lumbatex can cover these demands, offering a lowcost, simplified and valid system of data processing, with comfortable fixation method and good batteries live. These features enable that Lumbatex can replace the traditional systems allowing data collection outside laboratory settings. Therefore, this device presents as a practical choice for in-field measurements, thereby enabling analysis in real-life settings where movement disorders may develop and perpetuate, as in the case of LBP [3] , [5] , [44] .
In conclusion, it is important to emphasize the use of Lumbatex as a key strategy for kinematic monitoring of the lumbar spine at a segmental level. In this sense, this device could optimize the body posture and help to prevent or reduce the incidence of mechanical back injuries as well as the LBP. As it has already been documented in this study, LBP is a serious health problem that affects the entire population worldwide. In fact, LBP is currently the most common musculoskeletal pathology within primary care [5] [6] [7] . At present, there are very few known options that offer effective and satisfactory treatment as a solution to this global health problem and the consequence is a considerable health and social expenditure [7] , [45] .
Given that it is well documented in scientific research that uncontrolled movements and incorrect body postures are the major risk factors in the onset of LBP [44] , it currently seems necessary, timely and congruent the development of lumbar monitoring systems. Subsequently, Lumbatex is a new device that offers real-time biofeedback and allows an adequate segmental monitoring of the vertebral neutral zone. This system provides a correct monitoring of the lumbar spine motion, causing the adoption of safe body postures and proper movement performances. In addition, the integration of the system into smart textiles makes the device easily wearable, providing a greater comfort to the final user. Therefore, Lumbatex offers promising practical application possibilities, not only in the clinical and health fields, but also in the field of daily-life ergonomics and also in the different fields of physical activity and sport.
Finally, it is remarkable that, although Lumbatex system comprises 7 sensors, only the five centrals have been evaluated in this study, assessing their capacity to measure and quantify movements and segmental changes of lumbar lordosis in a flexion-extension range. However, other multiplanar measurements could be potentially performed using the present device. Thus, more prospective research should carry out aiming to evaluate the validity and reliability of the system in the measurement and monitoring of multiplanar movements, comprising both lateral bending and rotation motion of the lumbar spine.
